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Constant strain rate tests and constant load creep tests were performed 
on 2618 alumin rates used in the constant strain rate 
tests were 10 , 10- , 10 , and 10 /sec. Due to the fact that the strain 
rates in both tests were coffiparable to each other, the similarities between 
them can therefore be studied. 

It was concluded that metals are essentially rate sensitive at elevated 
temperatures. The traditional definition of creep and plbsticity u s e d  in the 
classical creep analysis is actually a reflection of the material behavior 
under different loading conditions. A constitutive equation based 011 the 
test data under one loading condition should work well for other loadir,g 
conditions as long as the strain rates are ir, t h e  same range as those under 
which the material constants are determined. 
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111 t roduc  t i o n  ----- 
C l & ~ , ~ i c a l l . y  t h e  c o n s t i t u t i v e  e q w t j m l s  used i n  t h e  design of con.pcmmts 

of f a u t  breeder r e a c t o r  (FER) o r  p r e s s u r e  vecxiels  lare nlcwtly based  on t h e  
idea t h a t  the t o t s ]  u t r s i n  can  be decon~poe.t~d i n t o  e l a s t i c  StI'ajI1, I l l as t ic  
s t r e i n ,  creep t i t r e i n ,  and thermHl s t r a i n  ( I ) .  The e l a s t j c  trtrfi ixl  and t h e  
plastic s t  r e j i i  are d e f i n e d  a8  t h e  Irltjtiiiittlneous retiponbe t o  r, tretr;  change  
wliich is time-irlclcpeIident, w h i l e  the c ' r r r .p  s t r a f r r  i 6  d e f i n e d  as the t i m e -  
de,Iieilc:t*iit 8 t r & i n  tixlder coxihtant Iobd .  The rcmst i t . t i t  Jve equat ioirf j  for. t h e  
plccst ic  vt ra i r i  componeut a r e  based  on t h e  c l a s s i c a l  ra te - inde ,pendent  p l e s -  
t i c i t y  t h e o r y  i n  which t h e  c o n c e p t  of y i e l d  .surface p l a y 8  a v e r y  inipcsrtiriit 
r o l e ;  and t h o s e  f o r  t h e  c r e e p  s t r e j r l  CCJIIip@rIt.Ilt a r e  g e n e r a l l y  based  on a t r a i n -  
harder i jng  v i s c o u s  flow r u l e  whjch ,  j x i  most of t h e  c a s e s ,  n e e d s  t o  be m u d i f j e d  
:.XI o r d e r  t o  i n c o r F c r a t . e  t h e  a n i s o t r n p y  induced  by d e f o r m a t i o n  ( 2 ) .  S i n c e  t h e  
i l l e l a s t i c  s t r a i n  j s  decon:posed i n t o  p l a s t i c  strain and c r e e p  s t r a i n ,  t h e x e  
have  also been  some f o l l c w u p  s t u d i e s  on t h e  i n t e r a c t i o n  between c r e e p  and 
p l a c t i c i  t y  ( 3 ) .  

The new t r e n d  i n  n ~ r ~ c l e l l i n g  t h e  ir ie1cisti .c n la te r j i i l  b c , h i v i o r ,  however ,  js  
t o b a r d  a u n i f j e d  approach  i n  b h i c h  t h e  t r a d i t i c r - . a I  c r eep  and  p l . a s t i c i t y  a re  
t r e a t e d  by a u n i f i e d  e q u a t i o n .  T h i s  approach  i s  r e a s o n a b l e  based  OII t h e  f a c t  
t tst  b o t h  c r e e p  s t . r a i v  and p l a s t i c  s t r a i n  a r e  c o n t r i b u t e d  nwin ly  by t h e  same 
de fo rn ia t j r i r l  mechanisni, j . e .  , d j s l o c a t i o n  mot ion .  On t h e  o t h e r  hz,rd, t h e  way 
t o  d i s t i n g u i s h  c r e e p  s t r a i n  from p l a s t i c  s t r a i n  i n  t h e  t r a d i t i c r d  approach  
is a l s o  somewhat t o o  a r b i t r a r y .  I t  i s  a c t u a l l y  b s s e d  on. t h e  W F ~  t l : e  r r a t e r j a l  
i s  t e a t e d .  Fo r  example ,  i n  t h e  st i :dy Of c r e e p - p l a s t i c i t y  j n t e r a c t i o n ,  tt.e 
m a t e r i a l  t e s t ing  u s u a l l y  s t a r t e d  w i t h  a cons t a r i t  s t r a i n  r a t e  l o a d i n g  fol . lowed 
by a p e r i o d  of  c o n s t a n t - l o a d  I .oading ,  c r  v i c e  v e r s a .  The i n e l a t i c  s t r a i n  
accuniu la ted  d u r i n g  coi is tar l t  s t r a i n  r a t e  1.oading i s  c o n s i d e r e d  es  p l a s t j c  
s t r a i n ,  w h i l e  t h e  s t r a i n  ac.cun;ula t ed c!urlx?g the cuns tar i  t 1 oad p e r i o d  i s  
t r r n t e d  a s  c r e e p  s t r o j r l .  T h i s  d e f j r i i t  i o n  p i o b a b l y  fo l lows  t h e  t r a d i t i o n  t h a t  
p l s s t i c i t y  i s  u s u a l l y  s t u d i e d  w i t h  c(:rIst;rilt s t r a i n  r a t e  t e s t s ,  w h i l e  c.reep i s  
s t i i d j e d  w i t h  t h e  c o n s t a n t  l o a d  t e s t .  

11: t h e  c u r r e n t  s t - u d y ,  b o t h  co i i s t an t  s t  r a i x i - r a t e  t es t s  and creep res t s  
were perfornied GI-J 2618 a lun 'nun ,  a l l o y .  The s t r s i n  rates bdopted  were i n  t h e  
r a n g e  f ron:  10 /set t o  10 sec.  The s i n . i i l a r i t j e s  be tve tx i  t h t s e  two t e s t s  
were  ix1vestjg:att .d.  The purpcst?:; of t h i s  s t u d y  a r e :  

-9 -8, 

1) To j u s t i f y  t h e  ufiifjeo' t h e o r y  f o r  c r e e p  acd  p l a s t i c i t y .  
2 )  To s t u d y  t h e  crmcellt of c r e e p - p l a s t i c j t y  i n t e r a c t i o n .  
3 )  To cc,mpare t h e  s t e a d y  s t a t e  r e s p o n s e  of  rr ,Lir ,eewing ~ ra t t* r j ; t l s  unde r  

c o n s + t a n t - s t r a i r .  r a t e  I o a c ' i ~ i ~ s  w i t h  t h a t  L i R d e r  cons tan t - Ic iad  load- 
i n g s .  

111 a d d i t  i o n ,  one  t e s t  under corilbirled t e n s i o n  s n d  t o r s i o r l  l o a d i n g s  was 
e l s o  FerfclI'Eled t o  s t u d y  t h e  e f f e c t s  c:f sht- , i ir  s t ress  or1 t h e  o : i a l  s t r e s s -  
s t r a j n  r e l a t i o n  at cor i s tan t  s t r a j n  r a t e .  

K a t p r j a l  arid Specimen - _ . . .  ._-  

The n ~ t e i  ja2 en-ployed in t h e  p r e s e n t  work was aluminum fcirgirig, a l l o y  
26Jf i -Thl  which bas  t h e  same h i n d  of m a t e r i a l  8 s  t h a t  u s e d  i n  p r e v i o u s  bork 
( 4 - 7 ) ,  b u t  o b t a i n e d  t h r e e  y e a r s  l a t e r  from t1.E sane s o u r c e ,  prcltlably from a 
d i f f e r e n t  b a t c h .  The h e a t  t r e a t r c e r t  w a s  c a r r i e d  o u t  z t  d i f f e r e n t  p l a c e  t o o .  
Scxe v a r j a t j o n s  i n  t h e  n l e c h a r i i c ~ l  p r c p e r t i e s  were f o w d  between t h e s e  two 

226 



b a t c h e s .  However, s i n c e  yrevj.ous work bere s o t  r e f e r r e d  i n  t h e  c u r r e c t  
s t u d y ,  t h e s e  v a r i a t i o x ! s  may be d i s r e g a r d e d .  

The nominal 
o u t s i d e  diarceter ,  w a l l  t h i c k n e s s ,  a n d  gage l e n g t h  were 2 5 . 4 ,  1.5,  snd 101.6 
nun r e s p e c t i v e l y .  

Specimens were thin-wal l e d  t u b e s  of c i r c i i l a r  c r o s s  s e c t i o n .  

A l l  t h e  t e s t s  were perfc1rmc.d wi th  a conbined t m s j o n  snd t o r s i o n  c r e e p  
machine whose d e t a j l s  c a n  br found ic t h e  paper by Fixx'lry and G j e l s v i b  (6 ) .  
The r e l a t i v e  a x i a l  disp1acen:ent betveen t h e  gage pctjiits was measured by a 
na t ched  p a i r  of 1 jrieai v z i r i a t l e  d j f f e r e n t j a l  t i a r i s fo rn le r s  (LVDT) u s i n g  an 
~AC-r:ull b a l a c c e  s y s t e m .  Cce IVDT was a t t a c h e d  t o  tlie gage yoir i ts  through 
f o u r  i n v a r  r c d s  aitd t h e  o t h e r  ( r e f e r c u c e  IVDT) was connected t o  a n1jcron;eter. 
Before t h e  t e s t ,  the outpi i ts  of t h e s e  two L V D T ' s  c s n r e l l e d  each o t h e r ,  i . e . ,  
ba lanced .  During t h e  t e s t  s c ~ n i e  imbalance  as induced, d u e  t c  t h e  r e l a t j v e  
d i s p l a c e r e n t  between t h e  gage p o i n t s ,  which w c , ~ i l c I  be balanced o u t  aga in  w i t h  
t h e  r e f e r e n c e  LVDT by t u r n i n g  t h e  n t ic rone t  ei . The r e l a t i v e  d i s p l a c c n e n t  
CCJllld t h e n  be read f r m  tlie niicrometer. 

I n  o rde r  t o  u 5 e  t h e  currer l t  rrlact h e  t o  perforni c o n t r o l l c i  s t r a i n - r a t e  
t e s t s ,  some niodif ic ia t ic ins  were necessc ry .  The d e s i r e d  s t r a i n  r a t c s  were 
ob ta ined  by u s e  of s e v e r a l  AC r e v e r s i b l e  synchroitous motors t o  d i j v e  t h e  
r e f e r e n c e  I.WT a t  s p e c i f i e d  speeds a n d  an s e r v o h y d r a u l i c  s y s t e r  t o  hpply t h e  
load i n  such a way t h a t  t h e  ou tpu t  from the IVliT a t t a c h e d  t o  t h e  specimrri 
s l w a y s  matches w i t h  t h a t  of  t h e  r e f e r e n c e  LVDT, i . e . ,  tlie specimen i s  
s t r e t c h e d  a t  a speed determined by t h e  motor. Urllike t h e  t e s t s  done i n  a 
c o n v e r ~ t ~ o r ~ a l  t e n s i l e  t e s t i n g  n.achine w j  t l i  conbttcrit "crosshead" speed,  t h e  
c u r r e n t  t e s t s  a r e  t r u l y  s t r a i n  rate C C J X I ~  r o l l e d  t e s t s  because t h e  b e r m - -  
h y d r a u l i c  system i s  d r i v e n  d i r e c t l y  by t h e  o u t p u t  f r c n  t h t b  extensometer .  

The specixrteii was hea ted  in t e r r i a l  l y  by a quar t z - tube ,  r a d i a r t  h e a t i n g  
1 m p  and e x t e r r ~ a l l y  by t h o  r e s i s t a n c e  h e a t e r s  a t  t h e  ends just o u t s i d e  t h e  
gake l r n g t h .  The lamp and t h e  c r i d  h e a t e i s  were c o n t r o l l e d  separately by two 
s e t s  of Research InCCJIp01-ated temperature  c c n t i  0 1  ? e r  and power coxitrol Irr .  
The t e s t  t empera tu re  w c  2OC"C.  P r i o r  t o  t r s t j n & ,  the specimen w a s  sc,aked a t  
t h e  t e s t i n g  t empera tu re  f o r  approximately 18 houis .  The d e t a j l s  of t h e  
c h o i c e  of 18 hour s  a s  t h e  scaking tirrr cart be f o w d  i x i  t h e  p,;per by Ding ar,d 
Firidley ( 7 )  . 

The exFerimenta1 res113 ts  a re  shown i n  the  a t t a c h e d  f i g u r e s .  I n  f i g u r e  
l ( b )  t h e  s o l i d  l i r e  is t h e  t e s t  d a t a  on t h e  s t r e s s - a t r a i r :  r e l a t i o r i  f o r  a 
c o n t r o l l e d - s t r a j n - r a t e  tes  under s t e p k j s e  jrr . r ea sed  s t r n i r ?  r a t e s ,  itr-n~ely 
1.04 x 10 /sec fol lowed by uriloading a t  
ii h t r a i n  r a t e  c f  1.04 x 10- / s e e  a s  shown i n  f i g u r e  l ( a ) .  F igu re  2 i s  
a n o t h e r  c o n t r o l l e d  h t r n l r r  rate tes t  urider s t e p w j s e  decreased s t ra in  rates.  
For both t e s t s ,  a s t e a d y  s t a t e  can be fotlnd f o r  each p e r t j c u l a r  s t r a i n  r a t e  
i n  which t h e  s t r e b s  rt.nc3inc c o n s t a n t .  The s t e a d y  s t a t e  strest, a t  r~ach  s t e p  
I n  f i k u r e  l ( b )  is l o ~ ~ e r  t h a n  t h a t  i n  ttie co r re spond ing  s t e p  w i t h  t h e  fame 
s t r a i n  r e t e  j i i  f i g u r e  2 ( b ) ,  r e s p e c t i v r l y .  Thjs may be due t o  t h e  d i f f e r e n t  
s t r a i n  l i i s t o r j e s  and s t r a i n  rate l t i s t o r j r s  i nvo lved  i n  t h e s e  two t e a t s .  I n  
f igure l ( b ) ,  i t  can a l s o  he seen t h a t  t h e  s l o p e  d u r j n g  uii loading i s  h i g h e r  
t han  t h a t  d u r i n g  l o a d i n g .  T h i s  may be exp la ined  a s  f o l l o w s :  duririg l oad lng ,  
t h e  time-dependent s t ro i r r  i s  developed in t h e  same d i r e c t i o n  a s  t h e  jmpusrd 
s t r a j n  r a t e  d i r e c t i o n ,  w11JIc Ji irJng unloading,  they a r e  c,pyc,&ite t c  esch  

-8 -7  - 6  / s e c ,  1 .O x 10 / s e t ,  arid 1 .O x 10 
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o t h e r .  The re fo re ,  f o r  t h e  s a ~ e  imposed s t r a i n  r a t e ,  less  stress niay be  
r e q u i r e d  d u r i n g  1 cad ing  thai; d u r i n g  unloading.  S i E i l a r  o b s e r v a t i o n s  car; a l s o  
be found j n  f j g u r e  ? ( E ) .  Fowever, h a d i n g  and unloading were c a r r j e d  o u t  a t  
d i f f e r e n t  s t r a  j n r a t e s  i 1-1 t lt i s t e s t  . 

The c r e e p  t e s t  d a t a  under s t e p  l o s d i n g s  are shcwn i n  f i g u r e  3 .  The 
s t r e s s  a t  each s t e p  was chosen t h e  s a r e  as t h e  s t e a d y  s t a t e  stress a t  t h e  
correspoxtdixig s t e p  i n  f i g u r e  I ,  nme!.y, 172 .5  MPa, 195 MPa, 2nd 216 MPa, 
r e s p e c t i v e l y .  S i m i l a r  t o  f i g u r e  1, a s t e a d y  s t a t e  was a l s o  f c u r d  i n  each 
l o a d i n g  s t e p .  A. comparjson of t h e  material r e sponses  between t h e s e  two t e s t s  
i s  shown i n  f i g u r e  4 .  The s t e s d y  s t a t e  r e sponses  a t  each s t e p  are q u i t e  
c-lose t o  each o t h e r .  The  dev ia t io r .  i s  w i t h i n  10%. The major d i f f e r e n c e s  
between t h e s e  two t e s t s  seem mainly oxi t h e  t r a n s i e n t  r e sponses .  

Shown i n  f i g u r e  5 are t h e  t es t  r e s u l t s  of a x i a l  l o a d i n g  a t  c o n s t a n t  
s t r a i r i  r a t e  combired w i t h  s t epwise  v e r j e d  t o r s i o n a l  l o a d i n g s .  The e f f e c t  of 
s h e a r  stress on t h e  ongoing a x i a l  m a t c r i a l  r e sponse  t o  ;I clctnstant-s t ra in-rate  
1oadi.xig can be c l e a r l y  seen .  It is  q u i t e  i n t e r e s t j n g  t o  n o t i c e  t h a t  the 
conlbinat ion of a x i a l  stress arid s h e a r  stress 2 t  r:ew s t e a d y  s t a t e  f o r  Steps 2 ,  
3 ,  and 4 s a t i s f y  the Tresca  r e l a t jox l ,  j . e ,  (I + 4.r = c o n s t a n t ,  8 s  slwwi I n  
f i g u r e  5(c.) .  However, t h e  i n i p l i c a t i o n  of t h i s  r e l a t i o n  i s  iiot q u i t e  c l e a r  j.n 
t h i s  c a s e .  From f i g u r e  5 ( b ) ,  i t  can a l s o  be seen t h a t  t h e  s t e a d y  s t a t e  a x i a l  
stress i n  t h e  l a t e r  s t a g e ,  j. .e.,  when t h e  s h e a r  stress is conipletely 
r e l e e s e d ,  i s  lower than t h e  i n i t i a l  s t e a d y  s t a t e  stress b e f o r e  t h e  s h e a r  
stress w a s  a p p l i e d .  Similar observations can a l s o  be fourid f u r  t h e  two s t e p s  
w i t h  t h e  same s h e a r  s t r e s s ,  name1.y 55.6 NPa. T h i s  may i n d i c a t e  t h a t  sone 
kir:d of s o f t e n i n g  nay lbave occur red .  

2 

I n  f i g u r e  6, t h e  s t r e . s s - s t r a i n  C I I Z V ~ S  a t  d i f f e r e n t  s t r a i n  ra tes  d i s -  
cussed e a r l i e r  were pu t  t o g e t h e r .  A s  shown i n  t h i s  f i g u r e ,  a d j s t , i n g u i s h a b l e  
e l a s t i c  regiofi  can be found f o r  ezch curve.  The p o i n t  a t  which t h e  cu rve  
s t a r t s  t o  d e v i a t e  from t h e  s t r a j g h t  l i n e  may be d e f i n e d  as t h e  s c - c a l l e d  
y i e l d  s t r e s s  and t h e  dependence of t h e  y i e l d  stress on s t r a i n  r a t e  may he 
i n t e r p r e t e d  as t h e  r a t r - s e n s i  t i v e  y i e l d i n g  i n  t h e  theo ry  of  v i s c o p l a s t i c i  t y .  
Frcn: t h e s e  r e s u l t s ,  t h e  f i r s t  conc1.usion w e  m y  draw i s  t h a t  t h e  y i e l d  s t r e s s  
is  no t  a wel l -def ined tern! a t  h igh  temperati ire due t o  i ts  dependence on the  
l o a d i n g  coirditicjn. I n  o t h e r  words, y i e l d  s t r e s s  i s  cc t  a n a a t e r i a l  p r o p e r t y .  
The a p p l i c a b i l j t y  of c l a s s i c i a l  r a t e - indepecden t  p l a s t i c i t y  t h e c r y ,  i n  which 
t h e  concept  of y i e l d  stress js  e s s e v t i a l ,  t o  d e s c r i b e  t h e  defcrniatioir  P t  high 
t empera tu re  i s  t h e r e f o r e  s u e s t i o n a h l e .  

Secondly,  f o l l o w i n g  t h e  p roposa l  by Rice (9), t h e  above r a t e - s e c s i t i v e  
y i e l d i n g  can a c t u a l l y  be j i i t e r p r e t e d  as a r e f l e c t i o n  of t h e  r o l e  of t h e  
t ine-dependent  s t r o j r i  (o r  c r e e p  s t r a i n ) .  I f  t h e  l o a d i n g  rste i s  h i g h ,  t h e  
time-dependent s t r a i n  dces riot have er.ough t i n e  t o  cievel CJP d u r i r g  l o a d i n g ,  a 
wel l -def ined e l a s t j c  regior! n!ay be found. When t h e  l o a d i n g  r a t e  g e t s  lower,  
t h i s  e l a s t j c  r eg ion  should g r a d u a l l y  tljrrljxtish due t o  t h e  involvement of t h e  
time-deperideiit s t r a i n .  When t h e  m a t e r i a l s  r each  t h e  s t e s d y  s t a t e ,  t h e  
time-deperiderit s t r a i n  r a t e  a t  a p a r t j c i ~ l a r  s t r e s s  l e v e l  i s  fi .xed. I n  a 
c o n s t a n t  s t r a i n  r a t e  t e s t ,  when t h e  stress i s  i n c r e a s e d  t o  a l e v e l  i n  which 
t h e  time-depeIiderit s t r a i n  ra te  i s  e q u a l  t o  t h e  imposed s t r a i n  r a t e ,  t h e  
s t r e s s  w i l l  s t a y  constar i t .  A t  rciom temperature ,  t h e  c r e e p  rate of Irost 
s t r u c t u r a l  u ~ t e r j a l s  j.s so low t h a t  t h e  s t r e s s - s t r a i n  c.urve based on l o a d i n g  
t icles uf o r d e r  of miriutrs does; r:ct d i f f e r  s i g n i f i c a n t l y  from those  based on 
seconds,  hour s ,  o r  days.  T h i s  niay he cons ide red  a s  a Iixrijting c a s e  f o r  which 
t h e  rzte-indeperrdertt p l a s t i c i t y  theo ry  could be a p p l i e d .  
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Based on t h e  above d i s c u s s i o n ,  w e  may conclude t h a t  h t  h i g h  temperature ,  
a l l  t h e  na te r ia l s  are e s s e n t j a l l y  r a t e - s e n s i t i v e ,  i . e . ,  time-dependent. The 
t r a d i t i o n a l  J e f j n i t i o n  of p l a s t i c  s t r a j n  and c r e e p  s t r a i r !  a t  high temperature  
based on I r a t e r l a l  t e s t j n g  only  r e f e r s  t o  d i f f e r e n t  macroscopic m a t e r i a l  
behavior  uncer  d i f f e r e n t  3.oadi1ig c o n d i t i o n s  , i . e . ,  cccs t i in t  s t r a i n  r a t e  
l o a d i n g  v e r s u s  c o n s t a n t  load loading.  The "instantaileous" response h a s  no 
meaning u n l e s s  t h e  l o a d i n g  r a t e  ( o r  s t r a i n  r a t e )  js  s p e c i f i e d .  Consequently,  
t h e r e  seems no p h y s i c a l  background t o  s tudy  t h e  so-ca l led  c r e e p - p l a s t i c i t y  
i n t e r a c t i o n .  In f ac t ,  when t h e  s teady  s t a t e  I s  reached,  b o t h  load and s t r a i n  
r a t e  a r e  c o n s t a n t .  There j s  even cc d i s t i n c t i o n  between creep  tes t  and 
coiistarit s t r a i n  ra te  t e s t  any more. 

Modeling of t h e  ExperjniTntel R e s u l t s  - ---- - - - .  - - * - - - - -  

I n  t h e  prev ious  work (4-7), a v i s c o u s - v i s c o e l a s t i c  model was developed 
t o  model t h e  exper imenta l  r e s u l t s  of c reep  under v a r i a b l e  b i a x i a l  loadings .  
The m a t e r i a l  c o n s t a n t s  were determined by q u j t e  a few c r e e p  and c r e e p  recov- 
e r y  tests. A s  mentioned e a r l i e r ,  s i n c e  t h e r e  e x i s t  sone v a r i a t l o n s  i n  t h e  
mechanical p r o p e r t i e s  between t h e  bpecimens i n  t h e  c u r r e n t  s t u d y  and those  i n  
prev ious  work no a t t e m p t s  was made t o  use prev ious  t h e o r e t i c a l  niodel t o  
p r e d i c t  t h e  c u r r e n t  experimental  r e s u l t s  o r  t o  redetermine t h e  m a t e r i a l  
c o n s t a n t s  due t o  t h e  l i m i t e d  amount of specimen. I n s t e a d ,  some o t h e r  con- 
s t i t u t j v e  e q u a t i o n s  were considered.  

Due t o  i t s  s j m p l i c i t y ,  t h e  c o n s t i t u t j v e  e q u a t i o n  proposed by Bodner (10) 
and Mertzer  (11,12) were t r i e d  t o  niodel the c u r r e n t  experimental  results.  

For u n i a x j a l  stress s t a t e ,  t h e  c o n s t i t u t i v e  equat jon  can be s t a t e d  a s  
fo l lows:  

(2)  
P Z o P  and i = m(zl - z ) a i  - A(z - 

where EP is t h e  i n e l e s t j c  s t r a i n  rate,  u is  t h e  a p p l l e d  stress, z is  a 
s c a l a r  s t a t e  v a r i a b l e  whose i n i t i a l  v a l u e  and t h e  s a t u r a t i o n  value are z and 
z1 r e s p e c t i v e l y ,  and i s  assumed t o  be a f u n c t i o n  of p l a s t i c  work. D , n, m, 
A, q a r e  t h e  m a t e r i a l  c o n s t a n t s .  As shown j n  eqn. ($1, t h e  rate of cRange of 
z ( ; )  i s  governed by work-hardening, m(zl - z )  a€ , and s o f t e n i n g  due t o  

As shown i n  t h e  paper  by Merzer arid Bodrier ( l l ) ,  i f  n e g l e c t i n g  t h e  
recovery term, t h e  above c o n s t i t u t i v e  equat ion  can be j n t e g r a t e d  t o  g e t  an 
e x p l i c l t  s t r e s s - p l a s t i c  s t r a i n  r e l a t i o r ?  f o r  t h e  c a s e  when t h e  p l a s t i c  s t r a j n  
ra te  is c o n s t a n t .  The assumption of c o n s t a n t  p l a s t i c  s t r a i n  r a t e  can 
a c t u a l l y  be a p p l i e d  t o  t h e  l a t e r  s t a g e s  of t h e  t h r e e  curves  shewn i n  f i g u r e  6 
because t h e  stress increment and t h u s  t h e  e l a s t i c  s t r a i n  increment ,  i s  a ln los t  
zero .  

By f i t t i n g  t h e  i n t e g r a t e d  equat ion  t o  t h e s e  t h r e e  curves ,  t h e  m a t e r i a l  
parameters  used in e q u a t i o n s  (1) and (2) can be determined - fpr t h e  c u r r e n t  
m a t e r i a l .  The v a l u e s  of t h e s e  c o n s t a n t s  a r e :  Do: 10- sec ; n: 0.79; 10: 
19.0 MF'a-l; z o :  525 MPa; zl: 1092 ma. The t h e o r e t i c a l  r e s u l t s  e r e  shown i n  
f i g u r e s  I (b) , 2 ( b ) ,  and 3(b)  as d o t t e d  l i n e s .  Because e q u a t i o n s  (1) and (2) 
w a s  f o r  u n l a x j a l  s t r e s s  s t a t e ,  no t h e o r e t i c a l  p r e d i c t i o n s  was made f o r  t h e  
d a t a  shown i n  f i g u r e  5. 

0 

thermal  recovery ,  A ( z  - zo) q . 
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The t h e o r e t i c a l  r e s u l t s  shown i n  f i g u r e s  l ( b )  and 2(b)  showed some d i s -  
c r e p a n c i e s  w i t h  t h e  experimental  d a t a .  Furthermore,  t h e  p r e d i c t e d  s t e a d y  
s t a t e  stress a t  each s t e p  i n  f i g u r e  l ( b )  i s  almost  t h e  same as t h a t  a t  t h e  
co r re spond ing  s t e p  i n  f i g u r e  2(b)  w i t h  t h e  same imposed s t r a i n  r e t e ,  respec-  
t i v e l y .  T h i s  was found t o  be due t o  t h e  f a c t  t h a t  i n  bo th  cases t h e  s c a l a r  
s t a t e  v a r j a b l e  z almost  reached i t s  s a t u r a t i o n  v a l u e  z a t  t h e  en? of t h e  
f i r s t  s t e p  and s t ayed  t h e r e  f o r  t h e  whole t e s t .  With a c o n s t a n t  v a l u e  c f  z ,  
a unique stress should of c o u r s e  be expected f o r  a specif je t1  s t r a i n  rate.  

When e q u a t i o n s  (1) and ( 2 )  are a p p l i e d  t o  t h e  c r e e p  t e s t ,  f i g u r e  3 ,  i t  
can  be seen t h a t  t h e  g e n e r a l  t r e x d  c;f t h e  material behavior  seems s a t i s -  
f a c t o r i l y  d e s c r i b e d  e s p e c i a l l y  f o r  t h e  t r a n s i e n t  respcrrse a t  t h e  f i r s t  
l o a d i n g  s t e p .  The r e s u l t s  could be improved by i n c l u d i n g  t h e  the rma l  
r ecove ry  term which s e e m  q u i t e  important  i n  t h e  low s t r a i n  r a t e  t e s t s .  
However, t h e  c u r r e n t  experimental  jnformation is n o t  enough f o r  i d e n t i f y i n g  
t h i s  t e r m .  

Based on t h e  above r e s u l t s ,  i t  seems r e a s o n a b l e  t o  conclude t h a t  
c o n s t i t u t i v e  e q u a t i o n s  based 011 t h e  d a t a  from c o n s t a n t  s t r a i n  r a t e  material  
t e s t i n g  should be a b l e  t o  p r e d i c t  t h e  m a t e r i a l  behavior  i n  a c o n s t a n t  l o a d  
c r e e p  t e s t  o r  v i c e  v e r s a ,  i . e . ,  a u n i f i e d  e q u a t i c n  should work w e l l  f o r  
v a r i o u s  k i n d s  of l o a d i n g s .  However, t h e r e  i s  one v e r y  importarit p o i n t  which 
needs t o  be c l a r i f i e d  h e r e .  I n  t h e  c u r r e n t  tests, a l l  t h e  constar i t  s t r a i n  
r a t e  tests were 'performed a t  t h e  s t r a i n  ra te  which a r e  coniparable t o  t h o s e  
d u r i n g  a c o n s t a n t  l o a d  c r e e p  t e s t ,  namely lO-'/sec t o  10 /sec. However, t h e  
s t r a i n  r a t e s  u s u a l l y  used i n  t h e  s t u d y p f  p l a s t i c i  e.g . ,  c r e e p - p l a s t i c i t y  
i n t e r a c t i o n ,  a r e  i n  t h e  range from 10- /sec to 10 s e c  which a r e  g e n e r a l l y  
a v a i l a b l e  i n  a commercial t e s t i n g  machine. I n  t h i s  c a s e ,  t h e  c o n s t i t u t i v e  
e q u a t i o n  d e r i v e d  from t h e  d a t a  frcm c r e e p  t e s t s  may n o t  be a b l e  t o  p r e d i c t  
t h e  m a t e r i a l  behav io r  d u r j n g  a c o n s t a n t  s t r a i n  r a t e  tests because of d i f -  
f e r e n t  r anges  of s t r a j r i  r a t e s  involved.  The re fo re ,  i t  seems impor t an t  t o  
keep i n  mind t h a t  i n  o r d e r  t o  develop a u n i f i e d  c o n s t i t u t i v e  e q u a t i o n  which 
can i n t e r p r e t  t h e  t r a d i t i o n a l  c r e e p - p l a s t i c i t y  i n t e r a c t i o n ,  t e s t  d a t a  cover- 
i n g  a wide range of  s t r a i n  rates seems necessa ry .  

1 

-6 

-9; 

Meta l s  are e s s e n t i a l l y  r a t e  s e n s i t i v e  a t  e l e v a t e d  t empera tu res .  The 
t r a d i t i o n a l  d e f i n i t i o n  of c r e e p  and p l a s t i c i t y  used i n  t h e  c l a s s i c . a l  c r e e p  
a n a l y s i s  i s  a c t u a l l y  a r e f l e c t i o n  of t h e  m a t e r i a l  behavior  m d e r  d i f f e r e n t  
l o a d i n g  c o n d i t i o n s .  A u n i f i e d  c o n s t i t u t i v e  equa t ion  should work w e l l  f o r  
v a r i o u s  k i n d s  of l o a d i n g  c o n d i t i o n s  a s  l ong  a s  t h e  s t r a i n  r a t e s  a r e  compar- 
a b l e  t o  each o t h e r .  
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Figure 1 (b) : 
results for the loading program shown in figure l ( a ) .  

Experimental (solid lines) and theoretical (dotted lines) 
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Figure 2 ( a ) :  
stepwise decreased s tra in  ra tes .  

Loading program f o r  a controlled s t ra in  rate teat  vr:der 

S T R A I N  C%1 
E 3  

Figure 2 ( b )  : 
r e s u l t s  for t h e  l o a d i v g  pr(igram shown j n  figure ? ( a ) .  

Experimental  ( s o l j d  l i n e s )  and thecireticc~l (dotted ljnes) 
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Figure 3(a): 
s t r e s s e s .  
a t  the corresponding s t e p  i n  figbre l ( b ) ,  respect ive ly .  

Loading  program for a creep t e s t  ucder stepwise ix1creesc.d 
The s t r e s s  a t  each step is equal t c  the steady s t a t e  s t r e s s  
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Figure 3 ( b ) :  Experjmental ( so l id  I jnes) and theoret ica l  (dotted l jnes )  
r e s u l t s  for the l o a d i n g  program stiown j.11 f igure ? ( a ) .  h'otice that 
d i f ferent  time sca le s  were u s e d  f o r  each s tep .  

234 



I L 4 

S T R A I N  C%l 
Figure  4 ( a ) :  Comparison of t h e  r e s u l t s  i n  f i g u r e  l ( b )  and figure _?(a) 
j n  te ln ls  of s t r e s s  and s t r a in .  S o l i d  lines are t h e  r e s v l t s  of c o n s t a n t  
s t r a i n  r a t e  t e s t ,  whi le  d o t t e d  I j r i r s  a r e  the loading  program f o r  creep  
t e s t .  
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Figure 4 ( b ) :  Comparison of the r e s u l t s  i n  f i g u r e  ] ( a )  snd f ig l i re  3 ( b )  
i n  terms of strajn r a t e  and s t r a i n .  S o l i d  ljnes a r e  t h e  loe6jng; program 
f o r  c o n s t a n t  s t r a i n  r a t e  t e s t s ,  whi le  d a s h e d  l i n e s  a r e  the r e s u l t s  of 
creeD t e s t s .  
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Figure 5(a) : Loading progran f o r  a t e s t  under c o n s t a n t - s t r a i n - r a t e  
a x i a l  1oadir.g ccmbiried w i t h  s t epwise  v a r j e d  t o r s i o n a l  l o a d i n g s .  
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A X I A L  STRESS CMPal 
Figure 5 ( c ) :  
two-dimensional s t r e s s  space. The s o l i d  l i n e  i s  the Tresca curve. 

Stresses  a t  steady s t a t e s  for  s teps  2 ,  3 ,  and 4 shown i n  a 
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STRAIN C%l 
Figure 6:  Stress-strain re la t ions  a t  d i f ferent  s t ra in  ra tes .  
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